Achievement of a substantial measure of axonal reto produce polyclonal antibodies that block myelingeneration in the CNS will require blocking several of associated inhibitors without producing any detrimenthese axon growth inhibitors. Here, we present a simple tal cellular inflammatory responses. Adult mice immuand effective therapeutic vaccine approach to stimulate nized in this manner showed extensive regeneration the animals' own immune system to generate polyclonal of large numbers of axons of the corticospinal tracts antibodies that block the inhibitory properties of the after dorsal hemisection of the spinal cord. The ana-CNS and thus permit profuse long-distance regeneratomical regeneration led to recovery of certain hind tion of corticospinal tract fibers in the adult mouse spinal limb motor functions. Furthermore, antisera from imcord. Furthermore, the immunization protocol employed munized mice were able to block myelin-derived inhibwas such that it did not result in the production of a itors and promote neurite growth on myelin in vitro. cellular inflammatory response.
Introduction

Regeneration of Corticospinal Fibers Assessed
The failure of injured axons to regenerate long distances by Anterograde Labeling in the adult mammalian CNS leads to permanent paralyAdult female BALB/c mice (8-10 weeks old) were immusis and other functional deficits such as those seen after nized twice weekly with a homogenate of mouse spinal spinal cord injuries. Although axons do not regenerate cord (which is rich in myelin and contains some inhibitory through adult CNS tissue, they retain the ability to reproteoglycans; Pindozolla et al., 1993; Wang et al., 1997) grow for long distances if provided with an appropriate in incomplete Freund's adjuvant (IFA). Control mice were cellular environment, e.g., a peripheral nerve graft (David injected with IFA alone. As discussed later, the use of and Aguayo, 1981). Work by Schwab and his colleagues IFA for the immunizations avoids the production of unled to the discovery that the failure of axons to regenerwanted inflammatory demyelinating lesions. Three weeks ate through CNS tissue was likely to be due in large later, the spinal cords were hemisected dorsally to lesion part to the influence of axon growth inhibitory activity both corticospinal tracts at the lower thoracic cord (T9) associated with myelin (Caroni and Schwab, 1988 ; relevel. Care was taken to assure consistency of the depth viewed by Schwab et al., 1993) . A monoclonal antibody of the lesion as described in the Experimental Proce-(IN-1) was shown to recognize a 250/35 kDa glycoprodures. After a further 3 weeks, during which the animals tein in myelin which has axon growth inhibitory propercontinued to receive twice weekly immunizations, reties (Schwab et al., 1993) . Although blocking this inhibigeneration of the corticospinal tracts was assessed using tor with the IN-1 monoclonal antibody stimulates axon the anterograde neuronal tracer wheatgerm agglutininconjugated horseradish peroxidase (WGA-HRP) injected § To whom correspondence should be addressed (e-mail: mcsl@ musica.mcgill.ca).
into the sensory-motor cortex (Li et al., 1996). About for any further analysis. The percentage of control mice showing moderate to severe scarring was similar to that seen in immunized mice ‫.)%06ف(‬ Only one of the control mice showed lesion-induced cavitations. As an additional control, mice were immunized with mouse liver homogenate in IFA (n ϭ 4). Three weeks after spinal cord dorsal hemisection, WGA-HRP injections into the sensory-motor cortex of these mice did not result in any labeling of corticospinal tract axons caudal to the lesion ( Figure 1I ), indicating the specificity of the myelin-rich spinal cord homogenate in stimulating axon regeneration. To further confirm that the WGA-HRP-labeled axons that crossed the lesion in the immunized mice were indeed lesioned axons that had regenerated and not Since myelin-associated inhibitors have been reported to play a crucial role in the failure of CNS regeneration, we compared the effects of spinal cord homogenate 54% percent of the immunized mice (n ϭ 13) showed abundant WGA-HRP labeling of corticospinal tract ax-(n ϭ 6) with myelin purified from either mouse (n ϭ 12) or bovine (n ϭ 4) CNS. The same immunization and ons across the lesion and for long distances caudally past the lesion ( Figures 1A-1E and 2) . The maximum lesioning protocol as that described above was used in these experiments, and the retrograde tracer Fluorogold distance these labeled axons extended varied in different animals and ranged from 5 mm to about 11 mm from (Schmued and Fallon, 1986; Novikova et al., 1997) was injected at the site of lesion to label cut corticospinal the lesion (Figure 2) . A large number of these axons extended about 6 mm and a few reached about 11 mm. tract axons. Our studies with the unlesioned corticospinal tract (n ϭ 2) as well as previous work (Schmued Regenerated axons were located in the myelinated dorsal columns caudal to the lesion. Some of these axons and Fallon, 1986) indicate that following injection of this tracer into the white matter it is not taken up by axons appeared to be displaced more dorsal to their normal position but along the boundary with the gray matter of passage. Fluorogold can be taken up by synaptic terminals but injection of this tracer into the ventral gray (data not shown). Although axons appeared to bypass the scar in some animals, in others many axons exmatter at T9 without damage to the corticospinal tract resulted in only about 20% of the cortical motor neurons tended through the scar at the lesion site ( Figures 1A-1E ). The presence of the lesion and the scar was easily being labeled as compared to the labeling seen after lesion of the tract at the same level. Importantly, very detected by the cellular nature of the scar as revealed by the neutral red staining (Figures 1B and 1E ). The few of the axons that have terminals at the T9 level project 6 mm caudally (see below). The neuronal labeling lesioned axons made a kink-like displacement upwards as they passed through the region of the scar. The leafter injection into the terminal field was also much weaker than after injection into the lesioned tract. Taken sions of the corticospinal tract were judged to be complete in all treated animals, based on these criteria. mice. However, the staining in immunized mice was much stronger and extended for far longer distances Functional Recovery in Immunized Mice (5 mm) on either side of the lesion compared to controls Recovery of motor control of the hind limbs was aswhen examined 3 days after hemisection. Furthermore, sessed 3 weeks after lesioning in a group of mice immuimmunoglobulin staining in immunized mice was espenized with mouse myelin or controls (injected with IFA cially prominent along the dorsal white matter, where it only) using the contact placing test. Mice that showed appeared to be localized to myelin (Figures 5B and 5C ). anatomical evidence of axon regeneration also showed
The immunization protocol that we used resulted in the improvement in function. Contact placing of the hind production of antibodies without stimulating inflammalimbs in response to light touch of the dorsal surface of tory changes in the CNS. There was no evidence of the hind limbs, without joint displacement, was detected infiltration of inflammatory cells or demyelination similar in 58% of the immunized mice but in none of the control to that seen in experimental allergic encephalomyelitis mice. The contact placing response is dependent upon (EAE) in Epon-embedded tissue sections of the spinal the integrity of the corticospinal tract (Kunkel-Bagden et al., 1993) and is widely used to assess motor control cord of immunized mice (Figures 5D and 5E ). 
Antisera from Immunized Mice Are Able to Stimulate Neurite Growth on Myelin
Additional experiments were carried out to assess if the myelin-reactive antibodies in the serum of immunized mice were able to block the neurite growth inhibitory activity associated with CNS myelin. Tissue culture substrates coated with CNS myelin were incubated overnight with serum from the mice used for the retrograde double labeling studies described above. Neurite growth on these myelin substrates was assessed using purified neonatal rat cerebellar neurons. The length of the neurites on myelin treated with serum from control mice averaged about 7 m. In contrast, sera from four mice immunized with mouse CNS myelin were able to significantly increase neurite growth on myelin. The average ( Figure 7B ). In addition, this neurite growth inhibitory activity could be blocked by the eluted antibodies (Figure 7B) . These results indicate that the antibodies generated in the immunized mice are indeed able to block axon growth inhibitors associated with myelin. ., 1991) . Work by Schwab's group, however, suggests that some myelin-associated inhibitors act along the entire course of myelinated fiber tracts (Schwab and Schnell, 1991). Since we find that immunization with purified myelin is effective in stimulating regeneration, this effect could be due to blocking of myelin-associated inhibitors leading to axon regeneration across the lesion before the full expression of inhibitory proteoglycans occurs at the lesion site. On the other hand, we have evidence that some astrocyte-derived inhibitors copurify with myelin (unpublished data), and these molecules may also be blocked under our immuni- Mukhopadhyay, G., Doherty, P., Walsh, F.S. Crocker, P.R., and Fil
